Abstract Picosecond time-resolved X-ray diffraction measurements have been performed on laser irradiated Si single crystal. Two types of experiments were performed in air. In one set of experiments, single shot irradiation on the silicon (111) crystal was performed at an irradiance range of 1 -10 GW/cm 2 . The results of X-ray diffraction measurement showed both thermal expansion and transient elastic shock compression. It is deduced that the ablation threshold falls in the range in irradiance of 1 -10 GW/cm 2 . The second set of experiments was performed with multiple shot irradiation in the range in irradiance of GW/cm 2 . Lattice compression due to the multiple laser irradiation was observed. This result indicates that multiple irradiation causes reduction of the ablation threshold.
INTRODUCTION
In recent years, advances in the development of picosecond sources of hard X-rays have opened the possibility of the direct observation of the changes in material structure in the nanosecond to picosecond time scale.
Time resolved X-ray diffraction studies have been reported in recent years l " 3 . Laser heating was studied and lattice expansion was reported by single laser irradiation on a Si (111) at a few GW/cm 2 . 4 " 6 On the other hand, Hironaka et al 1 studied multiple laser shots on Si(lll) at the same power density (4 GW/cm 2 ) and observed lattce compression up to -1.05%. In the present paper, we investigated transformation from expansion to compression of Si(lll) by laser irradiation using picosecond time-resolved X-ray diffraction. Various numbers of multiple laser irradiations and irradiation powers were examined. The mechanism of shock generation was also discussed.
EXPERIMENTAL
Time resolved X-ray diffraction with ultra-short X-ray pulses (1.93 A, 10 ps, 10 Hz) is used to probe structural dynamics in Si pumped by laser pulses (780 nm, 300ps). Details of the experimental setup are shown elsewhere 8 . The 300 ps pulsed beam is divided into two beams by a beam splitter. One is used for sample excitation after passing through an optical delay line, and another is compressed to about 50 fs and irradiated on an iron target at 10 17 W/cm 2 for X-ray generation. The pulse width of the X-rays was measured to be about 10 ps. The Fe Ka line was used for the diffraction experiment. A 300 ps laser pulse was focused to a spot size of 1 X 4, 2X5 and 1 X 3 mm on a target in air with an energy of 60 -100 mJ/pulse. The axis of irradiation was normal to the surface. Two types of the experiments were performed under varying conditions of laser irradiations. In one set of experiments, single shot irradiations, varying power density, were performed.
The other set of experiments was performed with multiple laser shots.
The samples used were n-type and non-doped Si (111) wafers with the thickness of 860 and 525 jim, respectively. The X-ray pulse was aimed at the center of the laser focal spot on the Si (111) and the diffracted X-rays were detected with an LN 2 -cooled CCD area image sensor (512X512 channels of 25 jam X 25 fim size). Data are accumulated for 600 shots. We define the time zero at the arrival of the peak of pump pulse and X-ray producing pulse at the position of sample.
RESULTS AND DISCUSSION

Single shot experiments
Results of single laser shot irradiation experiments are shown in Fig 1. Figure 1. (a) shows scattering spectrum on the condition for laser irradiation with power density of 5 GW/cm 2 at time delay 250ps. The X-ray diffraction peak was shifted to lower Bragg angles relative to the spectrum from the unirradiated crystal. indicates that thermal expansion due to laser heating occurred at this range in irradiance and delay time, and the maximum change in the strain and the surface temperature were estimated to be -0.5% and 1500 K, respectively.
It was also suggested that the absorption coefficient of silicon is increasing to 1.2 X 10 4 cm" 1 , ten times as large as that to 780 nm light at 300 K. Similar laser-induced lattice expansion has been observed in Si. Larson et al 4 studied time resolved X-ray diffraction of 15 ns laser irradiated Si at 0.1 GW/cm 2 to find the lattice temperature in Si and observed thermal expansion due to the heating to reach the melting point.
On the other hand, at a power density of 10 GW/cm 2 , the X-ray diffraction shows lattice compression. The maximum compression of 2.1 % was estimated from the calculation. To account for the phenomena observed in the present experiments, the absorption coefficient was estimated using the values of laser energy density deposited in the sample, enthalpy changes, and latent heat of silicon. The observed shock compression in this experiment is due to laser ablation. The absorption depth of 780 nm light was estimated to be several hundreds of nanometers (~ 0.4 |xm). The ablation occurred in the thin surface layer (several hundreds of nanometer) at the power density of 10 GW/cm 2 (2 J/cm 2 for 300 ps pulsed laser). Pronko et al 9 reported that the pulsed laser (780nm, 300ps) induced dielectric breakdown threshold of silicon was ~3 J/cm 2 , which provides further evidence of laser ablation occurring in this range of laser irradiation. Figure 3 . shows the X-ray diffracted spectrum from the silicon (111) surface under multiple laser irradiations (300 shots) with a power density of 4 GW/cm 2 .
Multiple shots experiments
Multiple shot experiments were performed for several sets of shots (20 -300 shots) with the same power density at delay time 350 ps. In all experiments, the shifts of the diffracted spectrum to higher Bragg angle due to laser shocked compression were observed and strains were estimated to be ~ -1.4 %. The generation of shock compression was observed even at 20-shots as reduction of ablation threshold was induced by the surface damage in laser irradiated area. . The time delay of the X-ray probe was 350ps.
